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Since the discovery of the antitumor activity of cisplatin (cis-
diamminedichloroplatinum(II),cis-[PtCl2(NH3)2]),1-3 many other
metal complexes have been investigated for their possible
application as antitumor drugs. One of the most promising metals
appears to be ruthenium,4,5 of which several types of complexes
have shown high in vitro and in vivo antitumor activity and some
compounds are in advanced stages of preclinical studies.6-9

Although the mechanism of action of antitumor-active ruthenium
compounds is not fully understood yet, it is thought that, similar
to the platinum drugs,2-5 the chloride complexes can hydrolyze10,11

in vivo, allowing the Ru to finally bind to the nucleobases of the
DNA.12 In this communication we present the remarkably different
cytotoxicity data of three isomeric dichlororuthenium(II) com-
plexes of the type [Ru(azpy)2Cl2], in which azpy stands for the
didentate ligand 2-phenylazopyridine.

The didentate azpy ligand lacks a 2-fold symmetry axis, and
therefore, in theory five possible isomers of the complexes of
the type [Ru(azpy)2Cl2] can be expected.13,14However, as yet the
syntheses of only three of these isomers have been reported,13-15

namely,R-[Ru(azpy)2Cl2], â-[Ru(azpy)2Cl2], and γ-[Ru(azpy)2-
Cl2], from now on referred to asR-Cl, â-Cl, and γ-Cl,
respectively. The complexesR-Cl and â-Cl were suggested to
have two coordinated chloride ions in a cis position and differ in
the mutual orientation of the didentate ligands (Figure 1), as has
been confirmed later crystallographically.16 On the basis of

spectroscopic data, theγ-Cl was originally13,14 concluded to be
the all-trans isomer in which the chlorides, the aza nitrogens, and
the pyridine nitrogens are all coordinated in a trans configuration.
However, the absence of a coupling between the pyridine H6
proton (of one azpy) and phenyl ring protons (of the other azpy)
in a HH nuclear Overhauser effect spectroscopy (NOESY)
experiment excluded theγ-Cl having the all-trans configuration
in which the pyridine rings are in-plane and close to the phenyl
rings of the other azpy ligand (Supporting Information). In fact,
the structure ofγ-Cl determined from a single-crystal X-ray
diffraction study17 shows theγ isomer to have only the chlorides
in a trans configuration, but the pyridines as well as the aza groups
are in cis geometry (Figure 2). Such a configuration has recently
also been reported for atrans-dichlororuthenium(II) complex with
the didentate ligand 1-benzyl-2-(phenylazo)imidazole18 and in-
dicates that the steric hindrance of the cis phenyl rings is not
preventing the formation of this isomer. On the contrary, the two
phenyl rings of the azpy ligands inγ-Cl are very close (the
geometric centers of the phenyl rings are 3.493(8) Å apart; the
angle between the ring planes is 16.9(2)°), and a strong stacking
of the aromatic rings is actually likely to stabilize this configu-
ration. A more detailed description and discussion of this complex
and its spectroscopic properties will be given in a full paper on
all [Ru(azpy)2Cl2] isomers.19
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Figure 1. Structural representation of (the∆ enantiomers of)R-[Ru-
(azpy)2Cl2] (left), â-[Ru(azpy)2Cl2] (middle) andγ-[Ru(azpy)2Cl2] (right).
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In Table 1 the cytotoxicity data toward a series of human tumor-
cell lines of the three above-mentioned isomersR-Cl, â-Cl, and
γ-Cl20 are listed and compared with the data of the well-known
antitumor compounds cisplatin (CPT) and 5-fluorouracil (5-FU).21

From the three ruthenium azpy complexes theâ-Cl andγ-Cl show
low to moderate cytotoxicity, while theR-Cl isomer is roughly a
factor 10 more cytotoxic in most of the used cell lines. The
cytotoxicity of R-Cl in fact is comparable with that of cisplatin
and 5-FU, being even significantly more active than CPT and
5-FU in the fast growing cell lines: MCF-7, M19, and EVSA-T.
The high cytotoxicity of theR-Cl is unlikely to be caused by the
heterocyclic ligand because the free azpy ligand shows low
cytotoxicity.

One of the main structure-activity relationships for antitumor-
active platinum complexes is the presence of two cis-coordinated
leaving groups, e.g., chloride ions.2,3 If the coordination of

ruthenium complexes to biologically relevant ligands such as
DNA bases is important for its biological activity, the difference
in cytotoxicity between theR andγ isomer might indicate that
cis bifunctional coordination to the ruthenium is crucial for
activity. We have recently started to study the binding of DNA
(model) bases to the [Ru(azpy)2] complexes22 and compared the
results with the data of the structually relatively similar complex
cis-[Ru(bpy)2Cl2].23-27 The accessibility of the two coordination
sites for biological nitrogen bases, i.e., the chloride ions, appears
to be different in thecis-dichloro complexes. The coordination
of guanine derivatives to theR isomer22 is sterically less hindered
than is the case for thecis-[Ru(bpy)2Cl2] complex.24 Also the
bifunctional coordination of the purine model base 1-methylben-
zimidazole to theR isomer19 is sterically less hindered than is
the case for theâ isomer28 and thecis-[Ru(bpy)2Cl2] complex.27

These differences in accessibility for coordination of nitrogen
heterocycles do correspond well with the higher cytotoxicity found
for the R-Cl and do suggest that the coordinative binding to
biologically relevant ligands such as the DNA purines might play
a role in causing the biological activity of antitumor-active
ruthenium complexes.

In conclusion, we have found that thecis-dichlororuthenium(II)
complexR-[Ru(azpy)2Cl2] shows remarkably high cytotoxicity
against a series of tumor-cell lines, which is in contrast to the
low cytotoxicity of its isomeric complexesâ-[Ru(azpy)2Cl2] and
γ[Ru(azpy)2Cl2] and the structurally related complexcis-[Ru-
(bpy)2Cl2]. Therefore, in the search for a structure-activity
relationship of antitumor-active ruthenium complexes, the inves-
tigation of complexes of the typecis-[Ru(LL′)2Cl2] (with LL ′
being a (asymmetrical) heterocyclic didentate ligand) seems very
useful and at present indicates steric hindrance of the LL′ ligand
toward the free coordination sites to be a crucial factor. Further
studies will deal with this latter aspect and will be reported in a
full paper.
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Table 1. ID50 Values in ng/mL (andµmol/L in Parentheses) ofR-Cl, â-Cl, andγ-Cl,20 Cisplatin (CPT), and 5-FU against a Series of
Tumor-Cell Lines21

MCF-7 EVSA-T WIDR IGROV M19 A498 H266

R-Cl 321 (0.6) 52 (0.1) 1050 (1.9) 428 (0.8) 102 (0.2) 653 (1.2) 820 (1.5)
â-Cl 2700 (4.1) 1240 (1.9) 7368 (11.2) 4801 (7.3) 1647 (2.5) 5770 (8.8) 6564 (10.0)
γ-Cl 3159 (5.9) 2933 (5.4) 8948 (16.6) 6348 (11.8) 2437 (4.5) 8253 (15.3) 8016 (14.8)
5-FU 750 (5.8) 475 (3.7) 225 (1.7) 297 (2.3) 442 (3.4) 143 (1.1) 340 (2.6)
CPT 699 (2.3) 422 (1.4) 967 (3.2) 169 (0.6) 558 (1.9) 2253 (7.5) 3269 (10.9)

Figure 2. Displacement ellipsoid (50% probability) plot of the structure
of γ-Cl. H atoms are drawn as spheres of arbitrary size. Selected bond
distances (Å) and angles (deg) are the following: Ru(1)-N(1) 2.116(6),
Ru(1)-N(8) 1.986(5), Ru(1)-N(21) 2.099(5), Ru(1)-N(28) 1.988(5),
Ru(1)-Cl(1) 2.3768(15), and Ru(1)-Cl(2) 2.3683(16); Cl(1)-Ru(1)-
Cl(2) 170.50(7), Cl(1)-Ru(1)-N(1) 88.64(14), Cl(1)-Ru(1)-N(8)
96.87(13), Cl(1)-Ru(1)-N(21) 85.71(12), Cl(1)-Ru(1)-N(28) 88.88(13),
Cl(2)-Ru(1)-N(1) 85.83(13), Cl(2)-Ru(1)-N(8) 89.34(13), Cl(2)-
Ru(1)-N(21) 88.15(12), Cl(2)-Ru(1)-N(28) 96.63(13), N(1)-Ru(1)-
N(8) 76.4(2), N(1)-Ru(1)-N(21) 104.1(2), N(1)-Ru(1)-N(28) 177.52(19),
N(8)-Ru(1)-N(21) 177.40(17), N(8)-Ru(1)-N(28) 103.8(2), N(21)-
Ru(1)-N(28) 75.80(19).
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